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Abstract

The development of luminescent dye based on 1,1,4,4-tetracyanobuta-1,3-dienes (TCBDs)
is an active research area, to date, only a few examples of designer TCBDs molecules
displaying emission properties with quantum yields of 7.8 and 8.5% due to fluorophore
conjugation and aggregation have been reported, both in organic, non-polar solvents. Our

novel method radically refines weakly emissive 2,3-disubstituted TCBD (phenyl-TCBD 1)
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(Or = 2.3% in CH3CN) into a water-soluble, biocompatible nano-formulation as highly
emissive aggregates 1INPscPF-127 with ®r = 7.9% in H>O and without fluorophore
conjugation. Spectroscopic studies including FT-IR revealed that aggregated phenyl-
TCBD particles were encapsulated in a non-luminescent tri-block copolymer (PF-127)
based nano-micelle. With increasing water fraction, the Phenyl-TCBD nano-aggregates
exhibit a 3-fold higher quantum yield, greater lifetime, and red-shift (155 nm). Singlet
oxygen generation capability was tested to explore future studies as a bio-probe for bio-
imaging applications and in photodynamic therapy to selectively target cancer cell lines
with singlet oxygen generation (®a = 0.25) capability. This study has significant
implications for developing non-planar push-pull chromophores-based dyes as biosensors

and their potential applications beyond bioimaging.
1. Introduction

In recent decades, researchers have consistently explored non-planar push-pull
chromophores (EDG-substituted poly-cyano olefins), one of a subclass of conventional
organic  chromophores generated by [2+2] cycloaddition followed by
retroelectrocyclisation [2+2] CA-RE reactions [1]. These chromophores have
characteristics such as stable redox behaviour, strong intramolecular charge transfer (ICT)
bands, and many exhibited nonlinear optical properties [2]. A major focus was placed on
tuning the optical and electronic properties of organic materials using m-conjugated
sequences with tailored lengths and substitutions [3]. These chromophores have been
widely considered as suitable small molecules for organic electronics since their orbital
energy levels can be easily controlled by judiciously choosing donors and acceptors [4].
However, largely, the synthesized 1,1,4,4-tetracyanobuta-1,3-dienes (TCBDs) have been
found non-emissive/negligible due to radiation-less decay pathways mediated by
photoinduced electron transfer (PET)/twisted intramolecular charge transfer (TICT)
phenomena or charge separation [5—8]. Although emissive TCBD chromophores are rarely
reported [9-16], their numerous applications continue to demand their synthesis.
Nevertheless, Li and co-workers have observed aggregation-induced emission (AIE) with

quantum yield (®r) of 8.5% in hexane during the morphological transition into
2
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vesicle/nanotube nanostructures in aggregate-friendly designed (TCBD),OPV3; molecule
[9]. Later, Matczyszyn, Paul, Trolez and co-workers demonstrated solution-based non-
luminescent TCBDs into fluorescent molecules with 6—12% of ®r in rigid glass media at
77 K [10]. In an alternative approach, our group has developed emissive [2.3—4.3%]
TCBDs without utilizing any fluorophore and in polar CH3CN solvent just by utilizing urea
as EDG due to its unique CT through bond and space [11,13]. Its emission behaviour was
further fine-tuned to obtain white-light emission in solid-state by disrupting its self-
assembly behaviour using nanotechnology [14].

To obtain emissive TCBDs, another approach was made by several groups, i.e.,
fluorophore conjugation with TCBDs, however, only a few reports have successfully
shown luminescence behaviour for eg., Trolez and co-workers demonstrated that ynamide-
TCBD with fluorophore achieved notable photoluminescence (PL) including NIR emission
in an organic apolar solvent, i.e., cyclohexane with a remarkable quantum yield of 7.6%
[12,15] and weak NIR emission in the solid-state due to AIE synthon of tetraphenyl ethene
(TPE) [16]. Recently, similar TPE-based TCBD derivatives were demonstrated to exhibit
photothermal effects [17]. Using a similar approach varying polyaromatics significant
increase in luminescence lifetime was demonstrated in the solid-state in comparison to
solution [18]. While many reports since 2006 have observed that the emission in the
alkynyl precursor tends to get quenched remarkably (80-99% upon generating TCBD
acceptor moiety [5—-8], [18-25], typically made using tetracyanoethylene (TCNE) and
7,7,8,8-tetracyanoquinodimethane (TCNQ) as acceptors and strong donors such as N,N-
dialkylamino (DAAs), thiophene, azulene, ynamide and urea, etc [1]. However, the AIE
properties of TCBDs-based non-planer push-pull chromophores were scarcely studied [9,
17, 26]. Similarly, the conventional organic emissive molecules typically undergo
aggregation-caused quenching (ACQ) [27], driven by intrinsic intermolecular n—r stacking
and/or H-bonding interactions which significantly limited their practical applications [28].
ACQ problem significantly limited their practical applications.

However, organic donor-acceptor (D—A) chromophores have demonstrated a great
deal of promise in theranostics, bio-imaging, photoacoustic image contrast and

photodynamic therapeutics because of their outstanding optical features with easy
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tunability, excellent stability, and the ability to get formulated into their nano-formulations
for image-guided photodynamic therapy (PDT) [29,30]. Furthermore, a number of push-
pull chromophores have been synthesized that are not TCBD-based AIE agents by coupling
reactions with specific electron-withdrawing groups. These chromophores have been
observed to possess the ability to generate reactive oxygen species (ROS) [31] which is
crucial for the death of cancer cells due to ROS. As a result, extending organic non-planar
push-pull chromophores into biological assays would provide numerous applications.
Their use is however limited due to the lack of emission, especially in aqueous media and
the fact that they are water-insoluble. ICT bands of push-pull chromophores, as well as
their redox behaviour and emission properties, make them attractive for use in biological
systems. For example, they provide superior two-photon imaging in live samples due to
their minimal background PL, high spatial resolution, and deep tissue penetration [32]. In
this work, we demonstrate that encapsulating the weakly emissive push-pull chromophore
1 (Fig. 1) in polymeric vesicles INPscPF-127 (Fig. 2) to generate highly emissive nano-
formulation in water that can be used for high-fidelity fluorescence image-guided PDT
with good '0; yield.

Nanoparticles with dual emission
PDT for selective cancer cells
Mitochondrial bio-imaging
Functional group fabrication
Tunable optoelectronic property
Photoluminescent material
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Fig. 1. Chemical structures and corresponding properties of TCBD AlEgens investigated
in this study.

2. Experimental

2.1. Materials and Methods
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Compound 1 (Phenyl-TCBD) was synthesized according to the methods reported earlier
[13]. All starting materials and chemicals were purchased from Sigma-Aldrich and TCI-
India and used as received. Dimethylformamide (DMF), CH3CN, and CH>Cl, were freshly
distilled from P>Os under the nitrogen (N2) atmosphere. Tetrahydrofuran (THF) was dried
by heating to reflux under an argon atmosphere in the presence of sodium/benzophenone.

Pluronic F-127 (PF-127) is also obtained from TCI-India

2.2. Synthesis and Characterization of Compound 1.

The synthesis and fluoride-sensing properties of phenyl-TCBD 1 have been recently
established [13]. However, By utilizing the nano-micelle approach in this manuscript, we
unravel the photophysical properties of chromophore 1 from weak emissive properties into
highly emissive chromophore 1NPs under aggregated state, with a progressive emphasis
on photodynamic therapy (PDT) and bio-imaging. Unlike mono-substituted TCBDs [11],
the di-substituted TCBDs such as phenyl-TCBD 1 did not exhibit self-assembly behaviour
driven by the H-bonded network in solution. Whereas, in the solid state, as revealed by the
crystal structure that urea exhibits, its characteristics are one-dimensional H-bonded o-

networks with a repeat distance of about 4.62 A [14].
2.3. Synthesis of INPscPF-127.

The 1INPscPF-127 was synthesized by a nanoprecipitation method. A solution of 1 (2 mg)
in acetone (5mL) was added dropwise to the solution of PF-127 (Molecular weight (MW):
12.6 kDa, 5 mg) in distilled-deionized water (10 mL) for 15 min. Then the mixture was
stirred overnight at room temperature to remove acetone. The INPscPF-127 was further
purified through centrifugation and filtered through a 0.22 pm filter membrane. The
INPscPF-127 dispersed in water or the freeze-dried solids were used for further

characterization and application.

3. Results and Discussion

3.1. Design and Synthesis.

We have recently discovered that it is possible to synthesize organic non-planar push-pull
chromophore 2 and others (derivatives of 2-(4-urea-aryl)-1,1,4,4-tetracyanobuta-1,3-
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dienes), in which the urea moiety act as EDG and showed significant emission with a
quantum yield of ®r = 3.3-4.3% (Fig. 1) [11]. Though it is a weak emission, the
observation of emission from 2 is remarkable because a similar chromophore 3 that is
replaced by urea with N,N’-dimethylamino (DMA)-the group did not exhibit significant
fluorescence similar to most other EDGs [19]. A further modification of chromophore 2
was performed to overcome self-assembly-related challenges of purification and to achieve
product photostability by substituting phenyl (Ph) group at the Cs-position yielding 2,3-
disubstituted TCBD 1, which displayed easy isolation and characterization [13]. However,
1 has shown an even lower quantum yield (®r = 2.3%). Thus, to enhance the photophysical
properties of chromophore 1, we envisaged the synthesis of aggregated nanoparticles
1NPs, whose emission properties may be enhanced by restricted rotation of aryl groups
upon aggregation, as observed by typical AlEgens. Hence, it is anticipated that compared
to the molecular form of push-pull chromophores, nanoparticles (nanoaggregate) of push-
pull chromophores would provide red-shifted emission presumably in NIR-region via AIE
which can be exploited as an active photosensitizes for ROS-mediated therapeutic probes
and bio-imaging capability. Despite the extensive investigation of the AIE phenomenon
using conventional chromophores, it is noteworthy that we can unravel the phenomenon in
water using aggregated nanoparticles of TCBD-based push-pull chromophores embedded

inside vesicles.
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Fig. 2. (a) Synthetic scheme for INPscPF-127 in H,O. (b) TEM image of 1INPscPF-127.
(c) AFM image of INPscPF-127. (d) ATR-FT-IR spectra 1, PF-127 and INPscPF-127.
The push-pull chromophores 1, 2, and 3 were synthesized as per literature
procedures [11,13,19]. To obtain the AIEgen using nanotechnology, the nanoprecipitation
method was used to form the aggregated INPscPF-127 which was encapsulated using the
water-soluble host vesicle generated by the well-known pluronic F-127 triblock copolymer
as described in Fig. 2a (for details, see the experimental section in Electronic
Supplementary Information (ESI)). Spectroscopic, microscopic and light scattering
techniques were employed to characterize 1INPscPF-127 in H>O. The average
hydrodynamic diameter for INPscPF-127 was measured to be ~80—100 nm by dynamic
light scattering (DLS) data while the polydispersity index was shown as 0.32 (Fig. S1,
ESI). For discrete and spherical nano-formulations, the polydispersity indices values of 0.3
or lesser are considered as close to ideal, which suggests a uniform distribution of the
particle size [33]. Further, the size and morphological characteristics of 1INPscPF-127
have been characterized by TEM and AFM (Fig. 2b&c). The TEM analysis of INPscPF-
127 shows a spherical particle size of ~80 nm, which is also further corroborated by the
results of the AFM study. The presence of some characteristic peaks at 700, 2223, & 3400
cm ! and 850 & 2900 cm™! for both 1 and PF-127, respectively are evident from the FT-IR
spectrum of nano-formulation INPscPF-127 (Fig. 2d) indicating the presence of 1 in PF-
127 vesicle. Interestingly, the peak for PF-127 at 2900 cm™! corresponding to CH bonds
almost diminishes in INPscPF-127 suggesting the formation of the vesicles. Further, the
fact that the nano-formulation INPscPF-127 is water soluble while 1 is not indicating the
1 NPs are encapsulated in the PF-127 vesicles.
4. Photophysical Properties.
The photophysical properties of synthesized push-pull chromophore nanoparticles
encapsulated by nano-micelle INPscPF-127 and its molecular form in CH3CN were
examined using UV/Vis absorption, steady-state and time-resolved emission
spectroscopies. The UV/Vis spectrum of nascent compound 1 in CH3CN exhibits broad

absorption bands centred at ~255, 330, and 410 nm corresponding to n—n*, n-n*, and ICT
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transitions (Fig. 3a) with end absorption wavelength of 560 nm (2.2 eV). The presence of
an ICT band was verified by the acid and base titration experiments in which the band at
410 nm disappeared upon the addition of trifluoroacetic acid (TFA) and regained its
original state after treatment with EtzN suggesting due to protonation and neutralization,

respectively [13].
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Fig. 3. (a) UV/Vis and (b) photoluminescence spectra of 1 and 1NPscPF-127 in
CH3CN/H,0 (5 x 107 M), respectively.

Interestingly, the aggregated nanoparticles have shown a ~60 nm bathochromic shift
from 420 to 480 nm with an end absorption wavelength of 800 nm (1.55 eV) suggesting a
remarkable 32% reduction in the bandgap, presumably caused due to restricted rotation of
aryl groups. This should also be reflected in emission spectra as aggregation-induced
emission (AIE) phenomenon. Hence, the emission spectra at Aem = 435 nm are observed at
the lower wavelength in molecular form in CH3CN and aggregated particles in H>O show
red emission at Aem = 590 nm (Fig. 3b). Further, to verify whether AIE phenomenon plays
a key role in bandgap reduction and enhancement of emission intensity, we performed
water addition in molecular form of 1 in CH3CN to induce aggregation and to verify
whether such phenomenon observed (Fig. 4). We observed a significant shift (7 nm) in the
absorption towards a red region of the spectrum (Fig. 4a), the bathochromic shift of ICT
band is presumably due to scattering of light by nano-formulation of push-pull
chromophore which reflects the J-aggregate formation of chromophores [34]. Interestingly
along with dual emission (Aex = 360 and 480 nm), we observed a complete absorption in
entire UV/Vis spectra during J-aggregate formation. The observed dual emission of push—

pull chromophore may be ascribed due to the aggregation-induced emission (AIE)
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property. There is a slight change in emission colour also while increasing fw (water
fraction) indicating it could be due to the process of AIE behaviour (Fig. 4b). Further, time-
correlated single-photon counting (TCSPC) study was performed to establish the stability
and existence of INPscPF-127 (Fig. 4c). The lifetime of INPscPF-127 was subsequently
observed to be 7.38 ns by TCSPC. The lifetime measurements for the individual water
fractions have been carried out using two different lasers (Figs. S7-9, ESI). There are three
lifetimes were observed for compound 1 in CH3CN. However, the longer lifetime of around
7.1 ns gets increased significantly from 7.1 ns to 10 ns for a 20% to 95% increase (Fig.
S10, ESI). This indicates at 95% the complete change in the morphology occurs from
floppy type to nanoparticles (Fig. S6, ESI).
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Fig. 4. (a) UV/Vis and (b) PL spectra of 1 in CH3CN (5 x 107 M) and increasing water
content. (¢) TCSPC spectra 1 in CH3CN (5 x 107> M) with increasing H>O (Aex = 450 nm).

The increased emission of nanoparticles with redshift absorption/emission prompted us to
investigate the self-assembly properties of this AIEgen. The classical precipitation method
in water and THF with varying amounts of water content was employed for the preparation
of push-pull chromophore nanoparticles encapsulated by nano-micelle INPscPF-127. The
resulting aggregates formed were examined using fluorescence/optical microscopy.
Fluorescence spectra of the same nanoparticles show dual and distinct emission for the
nanoparticles upon excitation at Aex at 360 nm. The push-pull chromophores self-assemble
with the addition of 20% water, resulting in the formation of red and green emitting
AlEgens with distinct floppy-type morphology. The aggregation subsequently increases
with the addition of water percentage from 20 to 95% (Fig. S5, ESI). The change in

morphology from aggregation at 20% addition of water to 95% addition of water i.e.,
9
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nanoparticle formation is quite interesting and has been further verified by using optical
microscopic images (Fig. S6, ESI). A sequential change was observed in the morphology
of aggregated particles with the increase in H2O fraction. The self-assembling at 95% of
water results in the formation of nanoparticles whereas lower water content did not show
nanoparticles but rather showed floppy-type morphology. As we had already observed in
TEM and AFM with 100% of water during the nanoprecipitation method for synthesizing
INPscPF-127. Surprisingly, during AIE with the increase in aggregation, fluorescence
spectra show band broadening as shown in Fig. 4b and also there occurs a change in the
morphology of the molecule. The change in morphology from aggregation at 20% addition
of water to 95% i,e., at nanoparticle formation is quite interesting as evidenced by optical
microscopic images. Importantly, the synthesized NPs exhibit good photostability under
continuous laser excitation (360 nm, 100 mW). Whereas in the case of bis-substituted
TCBDs, in addition to this, the restricted rotation motion aroused due to AIE has enhanced
three-fold in the quantum yield from 2.3% for the molecular form of 1 vs 7.9% for the
aggregated state of 1INPscPF-127 as measured against quinine sulfate as standard [35].
This three-fold increase is quite remarkable as the fluorescence quantum yields of the
reported urea-based chromophores were found very low [11,13]. To test the capability of
using push-pull chromophoric nanoparticles as photosensitizers for killing cancer cells, the
photosensitizing property was studied after a thorough study of the photophysics of the
nanoparticles.

5. Photosensitizing Property of INPscPF-127.

The synthesized nanoparticles (1INPscPF-127) acting as a photosensitizer have been
witnessed by using 1,5-dihydroxy naphthalene (DHN) as a trapping agent for the
generation of Juglone. UV/Vis spectroscopy can be used to estimate the singlet oxygen
generation capabilities of the INPscPF-127 by using DHN, as DHN reacts readily with
'0; to convert into Juglone [36]. The irradiation experiment was conducted for a solution
containing DHN and 1NPscPF-127 and the changes in the absorption spectra were
monitored at regular interval periods (Fig. S11, ESI). The spectra indicated that the peak
at ~297 nm has shown a decrease while a peak at 425 nm showed a concomitant increase

implying the formation of juglone due to the generation of 'O, while irradiation. The singlet
10
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oxygen quantum yield (@) of 1INPscPF-127 was estimated to be 0.25 when methylene
blue was employed as a reference standard. These results indicate that the obtained nano-
formulation in water may act as a promising candidate for photodynamic therapy via singlet

oxygen generation.

6. Conclusion

In summary, we successfully demonstrated an alternate method for enhancing greatly the
weakly-emissive TCBDs emission properties which do not utilize expensive luminophore
functionalization instead just by tuning the self-assembly phenomenon to alter the
restricted motion in the aggregated state. More importantly, this method also satisfies, the
water solubility requirement of nano-formulation. An unprecedented 155 nm of the red-
shift has been observed in INPscPF-127 with a high quantum yield (®r = 7.9%) in
comparison to the compound in molecular form, exhibiting good photosensitizer capacity
and high singlet oxygen (O»; 0.25) generation efficiency. All of these intriguing results
suggest that the nano-aggregates (INPs) of C3-functionalized urea-based push-pull
chromophore encapsulated in PF-127, i.e., 1INPscPF-127 nano-micelles were found to
bridge the gap and expand their availability as active fluorophore probes for sensing, bio-
imaging and photodynamic therapy. We are currently investigating in-vivo bioimaging and
PDT applications of this developed nano-formulation, which will be reported in the near
future. It is anticipated that these insights will help to develop bio-probes based on TCBD

push-pull chromophores and their applications beyond bio-imaging, for example, sensing.
Electronic Supplementary Information (ESI) available: General experimental methods
including characterization of nanoparticles by dynamic light scattering, UV/Vis
spectroscopic measurements, fluorescence spectroscopic data and other biological

characterizations can be found with a description in ESI.
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Enhancing Photophysical and Photosensitizing Properties of Nanoaggregates of

Weakly Emissive Non-Planar Push-Pull Chromophore
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Designer TCBD-molecules with emission quantum yields of 7.8 and 8.5% due to
fluorophore conjugation and aggregation have only been reported in nonpolar solvents.
Herein, the weakly-emissive 2,3-disubstituted-TCBD (®r, mecn:2.3%) was transformed
into a water-soluble, biocompatible nano-formulation with high-emissivity (®rwater:7.9%)

and photosensitizing capability using nano-micelle as host for its use as bio-probe.
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